Although natural killer (NK) cells are well known for their ability to kill tumors, few studies have addressed the interactions between resting (nonactivated) NK cells and freshly isolated human tumors. Here, we show that human leukocyte antigen class I low tumor cells isolated directly from patients with advanced ovarian carcinoma trigger degranulation by resting allogeneic NK cells. This was paralleled by induction of granzyme B and caspase-6 activities in the tumor cells and significant tumor cell lysis. Ovarian carcinoma cells displayed ubiquitous expression of the DNAX accessory molecule-1 (DNAM-1) ligand PVR and sparse/heterogeneous expression of the NKG2D ligands MICA/MICB and ULBP1, ULBP2, and ULBP3. In line with the NK receptor ligand expression profiles, antibody-mediated blockade of activating receptor pathways revealed a dominant role for DNAM-1 and a complementary contribution of NKG2D signaling in tumor cell recognition. These results show that resting NK cells are capable of directly recognizing freshly isolated human tumor cells and identify ovarian carcinoma as a potential target for adoptive NK cell-based immunotherapy. [Cancer Res 2007;67(3):1317-25] 
Introduction
Natural killer (NK) cells are regulated by a balance between activating and inhibitory receptor signals. Inhibition is largely mediated via interaction of human leukocyte antigen (HLA) class I molecules with killer cell immunoglobulin-like receptors (KIR) and/or CD94/NKG2A (1, 2) . NK cell activation is dependent on, and fine tuned by, signaling through a wide array of activating and costimulatory NK cell receptors (NKR), including NKG2D, DNAX accessory molecule-1 (DNAM-1), 2B4, NTB-A, CRACC, CD2, CD59, NKp80, CD94/NKG2C, and the natural cytotoxicity receptors (NCR; NKp30, NKp44, and NKp46; ref. 3) . Certain combinations of activating receptors may synergize and trigger NK cell activation more efficiently than others (4) . Moreover, different activating receptors may contribute to qualitatively distinct events. For instance, it was recently shown that target cell adhesion, perforin polarization, and NK cell degranulation are guided by different receptor-ligand interactions (5) . Efficient cytolytic responses were the result of a polarized degranulation toward the target and, therefore, required signaling through a specific combination of activating receptors and coreceptors (5) .
NK cells have a well-documented capacity to kill a wide variety of tumors. Yet, few studies have explored the interactions between resting (nonactivated) NK cells and freshly isolated human tumors. Such studies have been hampered by technical difficulties in monitoring specific lysis of tumor cells within heterogeneous patient-derived cell populations. Thus, the receptor-ligand interactions that govern the activation of resting human NK cells in response to freshly isolated tumor cells with a complex NKR ligand repertoire remain poorly understood. The capacity of resting NK cells to kill freshly isolated human tumors is important to explore because several protocols of NK cell-based immunotherapy that are currently evaluated in the clinic involve infusion of nonmanipulated or short-term interleukin-2 (IL-2)-activated NK cells to patients with hematopoietic and solid tumors (6, 7) . Additionally, the repertoire of donor-derived NK cells that mature following allogeneic stem cell transplantation and that has been implicated in the graft-versus-leukemia (GVL) effect against acute myelogenous leukemia (AML; ref. 8 ) is likely to resemble a resting (nonactivated) phenotype.
To study the interactions between resting NK cells and freshly isolated human tumors, we chose to investigate NK cell recognition of ovarian carcinoma. This tumor type is accessible as single-cell suspensions in ascites fluid of patients with advanced disease. Furthermore, ovarian carcinoma cells often display reduced levels of HLA class I expression, which facilitates studies of NK cellactivating receptor-ligand interactions (9, 10) . We show here that resting allogeneic human NK cells recognize and kill freshly isolated ovarian carcinoma cells. Triggering of NK cell cytotoxicity was dependent on signaling through DNAM-1 receptors with a complementary contribution of NKG2D receptors, reflecting the surface expression of corresponding NKR ligands on the ovarian carcinoma cells. Patient-derived fibroblasts displayed higher expression of HLA class I and lower expression of ligands for activating NKRs and were not killed by resting NK cells under similar experimental conditions, indicating a preferential recognition of tumor cells. The susceptibility of ovarian carcinoma cells to resting NK cells suggests that this tumor type may be a potential candidate for NK cell-based adoptive immunotherapy. cells were obtained with informed consent from patients with epithelial ovarian carcinoma subjected to primary surgery. Ovarian carcinoma cells were enriched from peritoneal effusions by density gradient centrifugation (Ficoll-Hypaque, Amersham Biosciences, Uppsala, Sweden) as described previously (11) . Cells were frozen in a solution containing 10% DMSO (Sigma-Aldrich, St. Louis, MO) and 90% heat-inactivated fetal bovine serum (FBS; Life Technologies, Grand Island, NY) and stored in liquid nitrogen. For functional assays, CD45 + cells were depleted (EasySep kit, Stemcell Technologies, Vancouver, British Columbia, Canada) to obtain pure (>95%) tumor cell populations that were used without further processing or culturing. When indicated, short-term (2 weeks) cocultures of ovarian tumor cells and autologous fibroblasts were obtained by seeding cells from CD45-depleted ascites in complete medium (RPMI 1640 supplemented with 100 Ag/mL L-glutamine, 10% heat-inactivated FBS, 100 units/mL penicillin G, and 100 Ag/mL streptomycin). For isolation of NK cells, buffy coats from healthy donors were separated by density gradient centrifugation (FicollHypaque). NK cells were then enriched by magnetic bead negative selection (NK selection kit II, Miltenyi Biotec, Bergisch Gladbach, Germany) of the nonadherent fraction. NK cells used in assays were >95% CD3 À CD56 + , and the CD3 + cell contamination was <1%. NK cells were resuspended in complete medium with or without 1,000 IU/mL IL-2 (Proleukin, Chiron Corp., Emeryville, CA) and incubated overnight (18 h) at 37jC. The human erythroleukemia cell line K562 and the mouse mastocytoma cell line P815 (both from the American Type Culture Collection, Manassas, VA) were maintained in complete medium. The HLA class I-deficient EBV-transformed B-cell line 721.221 (.221) and 721.221 cells transfected with HLA Cw3 (.221.Cw3) were kindly provided by E.O. Long (National Institute of Allergy and Infectious Diseases, NIH, Rockville, MD) and P. Parham (Stanford University, Stanford, CA) and maintained in complete medium.
Antibodies. The following conjugated monoclonal antibodies (mAb) were used: anti-CD226 (DX11), anti-NKG2D (1D11), anti-CD107a (H4A3), anti-CD14 (MAP9), anti-CD112 (R2.525), anti-EpCAM (EBA-1), anti-CD90 (5E10), IgG1 (X40), IgG1 (X40), IgG2a (G155-178), and rat anti-mouse IgG1 (X56; Becton Dickinson, Franklin Lakes, NJ); anti-CD3 (UCHT1) and antihuman epithelial antigen (Ber-EP4; DakoCytomation, Glostrup, Denmark); anti-CD56 (N901), anti-NKp30 (Z25), anti-NKp44 (Z231), anti-NKp46 (BAB281), and IgG1 (679.1Mc7; Beckman Coulter, Fullerton, CA); and anti-HLA-ABC (W6/32; Serotec, Oxford, United Kingdom). The following nonconjugated antibodies were used: anti-CD155 (PV404.19; Beckman Coulter); IgG1 (MOPC-21; BioLegend, San Diego, CA); anti-CD96 (NK92.29; Hycult Biotechnology BV, Uden, the Netherlands); and anti-ULBP1 (M295), anti-ULBP2 (M311), anti-ULBP3 (M551), anti-MICA (M673), and anti-MICB (M362; Amgen, Inc., Seattle, WA Flow cytometry-based cytotoxicity assays. The CytoToxiLux-PLUS kit (OncoImmune, Gaithersburg, MD) was used to determine caspase-6 activity in the target cells. Resting or IL-2-activated NK cells were coincubated with target cells at a ratio of 30:1 in a final volume of 200 AL for 3 h at 37jC and 5% CO 2 . During the last 30 min of incubation, 75 AL of a cell-permeable substrate for caspase-6 were added. At the end of the assay, tumor cells were stained with the anti-EpCAM mAb. Staining was done on ice following Fc receptor blockade with IgG (1 Ag/10 5 cells) to avoid antibody-dependent cellular cytotoxicity. In cocultures of tumor cells and fibroblasts, the latter were identified by staining with an anti-CD90 mAb. Control targets, lacking epithelial markers, were prelabeled with a membrane dye (TL4, OncoImmune). Cells were shielded from light and incubated for 10 min with 7-aminoactinomycin D (7-AAD; Becton Dickinson) at room temperature, and the samples were acquired immediately on the Cyan instrument. Percentage specific cytotoxicity was calculated as follows: 100 Â (NK cell-induced apoptosis À spontaneous apoptosis) / (100 À spontaneous apoptosis). For blocking experiments, NK cells were preincubated with 10 Ag/mL of mAbs for 30 min at 4jC. HLA class I blockade was done by having A6-136 present in the assay at a 1:20 dilution.
Detection of granzyme B activity. Resting or IL-2-activated NK cells were coincubated with target cells at an E:T ratio of 30:1 in a final volume of 200 AL for 3 h at 37jC and 5% CO 2 . During the last 30 min of incubation, 75 AL of a cell-permeable substrate for granzyme B were added (GranToxiLux, OncoImmune). To identify granzyme B activity in the target cells, ovarian carcinoma cells were stained with an anti-EpCAM mAb following incubation with NK cells, whereas .221 and P815 cells were prelabeled with a membrane dye (TL4). 7-AAD was added and cells were shielded from light and incubated for 10 min at room temperature before acquisition. When indicated, cell death was induced by exposing cells to medium containing 20% DMSO during 15 min before analysis of granzyme B activity.
Statistics. Statistical analyses were done using one-way ANOVA and Dunnett's test for multiple comparisons (GraphPad Software, Inc., San Diego, CA). Parametric (Pearson) calculations of correlations were done to analyze covariance.
Results

Lysis of freshly isolated tumor cells by resting NK cells.
To assess the ability of resting human NK cells to kill freshly isolated tumor cells, we used a flow cytometry-based assay to monitor induction of caspase-6 activity in target cells (12) . Resting NK cells efficiently induced caspase-6 activity in the HLA class I-deficient .221 cell line (Fig. 1A) . This was associated with significant cell death as assessed by 7-AAD binding to DNA in lysed target cells. In contrast, NK cells did not induce caspase-6 activity and cell death in the mouse mastocytoma cell line P815 (Fig. 1A) . The killing of .221 cells by resting NK cells was in the range of that observed in classic 51 Cr release assays, validating the use of the flow cytometrybased cytotoxicity assay (data not shown). For analysis of tumor cell killing in heterogeneous cell populations derived from freshly isolated peritoneal effusions from patients with ovarian carcinoma, we modified the protocol and stained for surface markers exclusively expressed on tumor cells immediately before flow cytometry analysis. Ovarian carcinoma cells were identified by forward/ side scatter gating and by expression of the epithelial cell surface marker EpCAM (Fig. 1B) . Resting allogeneic NK cells induced activation of caspase-6 in freshly isolated EpCAM + ovarian carcinoma cells (Fig. 1B) . Titration of E:T ratio revealed that cytotoxicity by resting NK cells was nearly in the range of that induced by short-term (18 h) IL-2-activated NK cells ( Fig. 2A) . A summary of 11 independent experiments revealed a high degree of NK cell-mediated lysis of five of six tested ovarian carcinoma (Fig. 2B) . However, there was marked variability in the killing of the individual tumors. For example, the tumor OC40 was consistently killed at a high level by NK cells from several healthy donors, whereas OC45 was almost completely resistant to NK cells from all donors (Fig. 2B) , suggesting that the variable tumor recognition was a nonrandom event mainly attributed to the tumor and not to the intrinsic NK cell activity of the donor.
Freshly isolated ovarian carcinoma cells trigger NK cell degranulation. Variability in the killing of different tumors may depend on their differential susceptibility to the effector functions of NK cells (i.e., different thresholds for apoptosis induction; ref. 13) but may also be a consequence of a varying capacity to trigger NK cell activation. To address this issue, we shifted focus from the target cell and monitored NK cell activation by analyzing the surface expression of CD107a on NK cells following contact with freshly isolated ovarian carcinoma cells (14, 15) . Surface expression of CD107a correlates closely with degranulation and release of perforin and granzyme B by NK cells (5, 14) . Approximately 20% of resting NK cells expressed CD107a on the cell surface on contact with the NK-sensitive .221 cell line (Fig. 3A) . Freshly isolated ovarian carcinoma cells also triggered significant NK cell degranulation, albeit at lower levels compared with .221 cells (Fig. 3A) . Short-term IL-2 activation of the NK cells led to enhanced NK cell degranulation in response to both .221 cells and freshly isolated ovarian carcinoma cells (Fig. 3A and B) . Importantly, IL-2 alone did not induce CD107a expression by NK cells.
NK cell degranulation by resting and IL-2-activated NK cells following interaction with a panel of ovarian carcinoma was then investigated. The pooled data from 13 independent experiments showed that the induced NK cell degranulation was generally low but reproducible. The pattern of variability for NK cell degranulation was similar to that observed for the cytotoxic responses (Figs. 2B and 3B). Indeed, tumors that induced higher degrees of NK cell degranulation were also killed more efficiently, denoting a significant correlation between degranulation and cytotoxicity .221 and P815 cells were used as positive and negative controls, respectively. Columns, mean of the specific killing obtained in 11 experiments; bars, SD. *, P < 0.05; **, P < 0.01. (Fig. 3C) . This outcome suggested that the low level of NK cellmediated lysis of OC45 resulted from an inability of this tumor to activate NK cells rather than a general resistance to perforin and granzymes released by NK cells.
Detection of granzyme B activity in freshly isolated tumor cells. To investigate whether the rather low levels of degranulation by resting NK cells could account for the cytotoxic activity against the freshly isolated tumor cells, we monitored granzyme B activity in the tumor cells following coculture with NK cells. Incubation of resting NK cells with .221 cells led to significant granzyme B activity within the target cells (Fig. 3D) . In contrast, incubation of NK cells with the resistant negative control target P815 did not lead to any detectable granzyme B activity. Importantly, degranulation by a small fraction of resting NK cells was sufficient to induce significant granzyme B activity in the ovarian carcinoma cells (OC38). These data indicate a major involvement of the perforin/granzyme B pathway in the recognition of ovarian carcinoma and strengthen the notion that activation and degranulation of comparably few NK cells may result in lysis of a large proportion of tumor cells. To exclude the possibility that the increase in granzyme B activity in target cells following coincubation with NK cells was due to nonspecific cleavage of the granzyme B substrate in preapoptotic or dead cells, we monitored granzyme B activity in .221 cells exposed to the toxic agent DMSO. Induction of cell death by DMSO did not lead to any detectable cleavage of the fluorogenic granzyme B substrate, indicating that release of granzyme B by NK cells was required (Supplementary Fig. S1 ).
Freshly isolated ovarian carcinoma cells express multiple ligands for activating NKRs. NK cell cytotoxicity depends on a balance between signaling through inhibitory and activating receptors. Reduced levels of HLA class I expression may render target cells susceptible to NK cell-mediated lysis because these molecules deliver potent negative signaling via inhibitory NKRs (1, 16) . The tumors included in this study displayed heterogeneous levels of HLA class I expression ( Fig. 4A; ref. 9 ). The expression of HLA class I on tumors was on average 11% of that of autologous lymphocytes (Fig. 4B) . Not unexpectedly, we observed an inverse correlation between the HLA class I expression and the degree of NK cell lysis of the ovarian carcinoma cells (Fig. 4C) . The resistant ovarian carcinoma OC45 displayed the highest expression of HLA class I, whereas OC40 that was killed most efficiently by NK cells expressed the lowest levels of HLA class I. Thus, the variable expression of HLA class I by individual ovarian carcinoma provided a partial explanation for the observed variability in NK cell degranulation and cytotoxicity. Indeed, blockade of HLA class I led to increased degranulation and cytotoxicity by NK cells on contact with OC45 cells (Fig. 4D) .
Activation of NK cells does not depend solely on the absence of HLA class I-mediated signaling through inhibitory NKRs but requires positive signaling delivered through a wide array of activating NKRs (3). Therefore, we examined the expression of several ligands for activating NKRs, including the NKG2D ligands MICA, MICB, ULBP1, ULBP2, and ULBP3 (17, 18) as well as the recently identified ligands for DNAM-1, PVR (CD155), and Nectin-2 (CD112; ref. 19) . One of six tumors analyzed expressed MICA and MICB (Fig. 5A) . Expression of ULBP1, ULBP2, and ULBP3 was sparse, except for OC29 and OC40 cells, which exhibited high but heterogeneous expression of ULBP2, and OC37 and OC38 cells, which displayed weak expression of ULBP3 (Fig. 5A) . Interestingly, PVR was ubiquitously expressed by ovarian carcinoma cells, whereas Nectin-2 was absent. K562 cells, used as positive controls in these stainings, expressed all ligands studied (Fig. 5A) . These results showed that ovarian carcinoma cells express multiple ligands for activating NKRs, particularly the DNAM-1 ligand PVR, which is known to trigger antitumor responses (20, 21) .
Major role of DNAM-1/PVR interactions in NK cell recognition of freshly isolated ovarian carcinoma cells. To determine the relative contribution of each receptor-ligand interaction monitored here, we did blocking experiments in which NK cells were preincubated with antibodies against NKG2D, NCR (NKp30 and NKp46), DNAM-1, or a combination of all four antibodies and then cocultured with freshly isolated ovarian carcinoma cells. Both degranulation (Fig. 5B, left) and cytotoxicity (Fig. 5B, right) were strongly inhibited by the anti-DNAM-1 antibody, indicating that DNAM-1/PVR interactions were critical for the activation of NK cells by most ovarian carcinoma. Recognition of OC29, which expressed the lowest levels of PVR, was less affected by DNAM-1 blockade (Fig. 5A and B) . Moreover, NK cell degranulation on contact with OC40, which expressed both PVR and ULBP2, was substantially inhibited by both anti-DNAM-1 and anti-NKG2D antibodies (Fig. 5A) . For some tumors, NK cell degranulation and cytotoxicity were weakly inhibited by the addition of anti-NCR antibodies, suggesting that the unknown ligands for these receptors were expressed by the ovarian carcinoma cells. Combining antibodies to all four NKRs led to a complete block of degranulation and cytotoxicity, indicating that these receptor-ligand interactions complement each other in the activation of NK cells.
Recently, it was found that NK cell adhesion to target cells expressing PVR is promoted by CD96 (22, 23) . To explore the possible involvement of CD96 in the recognition of ovarian carcinoma, we monitored the expression of CD96 on resting NK cells. CD96 was expressed on resting NK cells but at lower levels compared with DNAM-1 (Fig. 5C) . Presence of anti-CD96 mAb did not influence the recognition of freshly isolated ovarian carcinoma by resting NK cells, whereas anti-DNAM-1 significantly blocked NK cell degranulation (Fig. 5D ) and cytotoxicity (data not shown). In agreement with previous studies, resting NK cells homogeneously expressed DNAM-1, NKG2D, NKp30, and NKp46 but lacked expression of NKp44 (Supplementary Fig. S2; refs. 17, 19, 20, 24-26) . Importantly, short-term IL-2 activation did not significantly alter the expression of activating receptors, except from a small increase in NKG2D expression, and failed to induce NKp44 and CD96, known to be expressed at high levels after long-term culture in IL-2 (Supplementary Fig. S2; ref. 3) . Taken together, these data show that DNAM-1 and PVR play major roles in the direct NK cell recognition of freshly isolated ovarian carcinoma cells with a complementary effect of other activating pathways determined by the ligands expressed on the individual tumors.
Tumor specificity in NK cell recognition of ovarian carcinoma. To ascertain that NK cells preferentially recognize tumor cells and spare normal tissues, we established short-term (2 weeks) cocultures of ovarian cancer cells and fibroblasts. Resting NK cells were able to discriminate tumor cells from the patientderived fibroblasts (Fig. 6A) , suggesting a significant degree of tumor specificity by the NK cells. The short-term culture period affected the expression of several of the ligands for activating NK receptors on the ovarian carcinoma cells, leading to a more pronounced expression of MICA, ULBP1, ULBP3, and PVR (Figs. 5 and 6B). However, under these experimental conditions, the fibroblasts displayed higher expression of HLA class I and lower expression levels of several ligands for activating receptors compared with the tumor cells (Fig. 6B) . This differential expression of HLA class I and activating NKR ligands might enable NK cells to discriminate tumor cells from the surrounding normal tissue, thereby offering a therapeutic window in which NK cells can operate without causing unwanted damage to normal tissues.
Discussion
NK cells were named for their capacity to recognize tumor cells without the need for prior sensitization (27) , and their capacity to kill murine and human tumor cells is well documented. However, the requirements for recognition of freshly isolated human tumors by resting/nonactivated NK cells have not or only sparsely been explored. A better understanding of the capacity of resting NK cells to kill primary human tumors seems important because there is hope to develop novel treatment strategies against cancer based on infusion of nonmanipulated or short-term IL-2-activated allogeneic NK cells. Moreover, the repertoire of donor-derived NK cells that contribute to the GVL effect in allogeneic stem cell transplantation (8) is likely to share phenotypic properties with fresh, nonactivated NK cells.
For the current analysis, we used a flow cytometry-based cytotoxicity assay to monitor caspase-6 activation and cell death in freshly isolated ovarian carcinoma cells (12) . We have shown that freshly isolated ovarian carcinoma cells are susceptible to resting NK cells derived from allogeneic healthy donors. Overall cytotoxicity reflects the net sum of multiple discrete events, including NK cell activation, release of cytolytic granules, and susceptibility of a tumor to NK cell effector pathways. Therefore, we shifted focus from the fate of the target cells to the activation of effector cells and monitored the capacity of freshly isolated ovarian carcinoma cells to trigger degranulation by resting and short-term IL-2-activated NK cells. To address whether the variability in cytotoxic responses reflected a reduced NK cell activation, we compared the percentage of CD107a + NK cells with their cytotoxic activity. This analysis revealed a significant correlation between degranulation and cytotoxicity, which would indicate that the variability in cytotoxicity and the reduced killing of some tumors depended on a failure to induce NK cell degranulation.
NK cell killing of ovarian carcinoma cells correlated inversely with the level of HLA class I on the cell surface of the tumors. One of the tumors, OC45, expressed comparably high levels of HLA class I and was more resistant to resting NK cells. Antibodymediated masking of HLA class I led to increased NK cell degranulation on contact with OC45. The blockade of HLA class I interactions also resulted in higher induction of cell death of OC45 cells. Altogether, these results strengthen the interpretation that HLA class I expression is a major constraint for the activation of resting NK cells by freshly isolated ovarian carcinoma. However, one might have expected a higher degree of killing of OC45 in light of the relatively profound increase in NK cell degranulation following HLA class I blockade. The discrepancy between the level of NK cell activation and target cell lysis may depend on target cell resistance to apoptosis commonly observed in tumor cells (13) . An alternative explanation could be that the target cells express low levels of adhesion molecules leading to nonpolarized degranulation. This has previously been described for NK cell activation in the absence of leukocyte functional antigen-1/intercellular adhesion molecule-1 interactions (5). Indeed, OC45 expressed relatively low levels of CD54, which could favor this explanation (data not shown).
Ample evidence indicates that the susceptibility of several tumor types to NK cell cytotoxicity may be predicted by their NKR ligand repertoire (28) (29) (30) . To gain insights into the activating pathways that were involved in the activation of resting NK cells by freshly isolated ovarian carcinoma, we analyzed their NKR ligand repertoire. Ovarian carcinoma displayed ubiquitous expression of PVR, whereas the expression of NKG2D ligands was more variable. However, the differential susceptibility to resting NK cells among the ovarian carcinoma studied could not be explained by the expression pattern of these ligands because even the resistant tumor expressed both PVR and MICA. Although the expression of NKR ligands could not predict the NK cell susceptibility, their presence seemed critical for NK cell recognition. Hence, masking the corresponding activating receptors on the NK cells inhibited NK cell recognition. Accordingly, recognition of ovarian carcinoma cells was mainly dependent on DNAM-1, although NKG2D influenced recognition of tumors that expressed any of the NKG2D ligands. Indeed, NK cell degranulation in response to an ovarian carcinoma, expressing both ULBP2 and PVR, was blocked by both anti-NKG2D and anti-DNAM-1 antibodies. Masking NCR partially inhibited NK cell recognition of some tumors, indicating that unknown ligands for these receptors may be expressed by ovarian carcinoma cells. The contribution of DNAM-1 and NKG2D to NK cell activation was complementary rather than synergistic, which is in line with a recent study where these receptors were shown to synergize with NKp46 and 2B4 but not with each other (4). We found no obvious synergies between NKG2D or DNAM-1 and NKp46, but these results are difficult to evaluate in the absence of defined ligands for NKp46. Synergy with 2B4 could not be tested because ovarian carcinoma cells were negative for the 2B4 ligand CD48. Because CD96 is another receptor that was recently shown to contribute to NK cell target cell adhesion through interaction with PVR, we explored the involvement of CD96 in the NK cell recognition of ovarian carcinoma (22, 31) . The expression of CD96 was not induced by overnight incubation in IL-2, indicating that the induction of CD96 on activation, as observed by others, requires longer culture times or other types of stimulation (22, 23) . Blocking experiments showed that CD96 did not contribute to the activation of resting NK cells by PVR-expressing ovarian carcinoma cells. It cannot be excluded that CD96 may influence the recognition of ovarian carcinoma cells by polyclonal IL-2-activated NK cell cultures or in vivo in the inflammatory environment surrounding the tumor in peritoneal ascites.
Because NK cell tolerance to self is partially preserved by expression of inhibitory receptors for self HLA class I molecules, autologous NK cells could theoretically be used to target HLA class I low ovarian carcinoma cells. However, NK cells derived from cancer patients often display reduced function as a consequence of tumorinduced immune suppression (32) . Indeed, there is substantial evidence of poor ex vivo activity of NK cells derived from ovarian carcinoma patients against the prototype NK cell target K562 and autologous tumors (33) (34) (35) (36) . Therefore, it may be more advantageous to use allogeneic NK cells from healthy donors. In agreement with the ''missing self '' hypothesis (16) , allogeneic NK cells may be specifically triggered in a KIR/HLA-mismatched situation (i.e., when a patient lacks one or more of the HLA motifs for inhibitory KIR expressed on donor NK cells; ref. 8) . However, KIR/HLA mismatch may be of less importance when faced with HLA class I low tumors as exemplified by the current study of ovarian carcinoma cells. Moreover, the use of resting NK cell populations with a clonally distributed KIR repertoire may limit the beneficial effect of a KIR/ HLA mismatch because a majority of the NK cells, even in a KIR/ HLA-mismatched donor, express KIR and/or other inhibitory receptors (NKG2A and LILR-B1) for ligands on the patient's tumor cells. The role of KIR/HLA mismatch in the recognition of HLA class I low ovarian carcinoma by resting allogeneic NK cells is currently under investigation in our laboratory.
A major concern for the use of allogeneic NK cells in settings of immunotherapy is that they could cause a tissue-damaging ''graftversus-host'' (GVH) reaction. However, no GVH disease (GVHD) was observed in several recent clinical trials involving infusion of allogeneic NK cells to patients with malignant disease (6, 7) . Moreover, no increased GVHD was observed despite significant GVL effects in KIR ligand-mismatched stem cell transplantation for AML. In part, this was explained by clearance of dendritic cells known to initiate T-cell-mediated GVHD disease (8, 37) , but the lack of GVHD also implies a capacity of NK cells to discriminate tumor cells from normal tissues. Our data indicate that the recognition of ovarian carcinoma cells by allogeneic NK cells may involve a certain degree of tumor specificity. We showed that NK cells lysed ovarian carcinoma cells but spared fibroblasts derived from the same patient. The fibroblasts expressed higher levels of HLA class I and lower levels of activating NKR ligands. Although PVR was also expressed by fibroblasts, the specific reduction of HLA class I expression and simultaneous expression of ligands for activating NKRs by tumor cells may lower the thresholds for NK cell activation, thereby leading to tumor-specific targeting by allogeneic NK cells. It remains elusive if ovarian carcinoma cells within the ovary itself display similar expression of PVR and low levels of HLA class I, making them susceptible to the recognition of NK cells. Further studies are required to address whether the expression of NK receptor ligands is modulated during tumor progression and/or by the tumor environment (i.e., peritoneal ascites).
In conclusion, our data show that resting NK cells readily recognize and kill freshly isolated ovarian carcinoma cells. Recognition was dependent on DNAM-1 signaling with complementary contributions of NKG2D and NCR receptors. The susceptibility of ovarian carcinoma to NK cell-mediated cytotoxicity suggests that this tumor type may be a suitable candidate for immunotherapy based on adoptive transfer of allogeneic NK cells.
